A homojunction of single-crystalline β-Ga 2 O 3 nanowires and nanocrystals was realized. Ga 2 O 3 nanowires were synthesized at about 850-950 • C using a mixture of Ga 2 O 3 and graphite powder with vapor phase epitaxy. It was found that the β-Ga 2 O 3 nanocrystals form a single unit with the nanowires and are part of the same single crystal with a perfect lattice. Growth of β-Ga 2 O 3 nanocrystals follows the growth direction of the main β-Ga 2 O 3 nanowires. The distance between neighboring atoms in β-Ga 2 O 3 nanowires was 0.522 nm, which is similar to the theoretical value for bulk β-Ga 2 O 3 .
Introduction
β-Ga 2 O 3 is a monoclinic-structured semiconductor with a wide band gap of 4.9 eV, which has unique conduction and luminescence properties. β-Ga 2 O 3 can act as an insulator or an n-type semiconductor depending on the growth conditions employed [1, 2] . The electrical conductivity of β-Ga 2 O 3 can be varied by controlling the concentration of oxygen vacancies in the crystal or by doping it with ZrO 2 , TiO 2 , MgO and SnO 2 [3] . Therefore, β-Ga 2 O 3 has potential applications in optoelectronic devices and in sensors [4] that are stable at temperatures as high as 1800
• C. Furthermore, β-Ga 2 O 3 can be used to compensate the weak points in GaN semiconductors for realization of ultraviolet light-emitting diodes with high efficiency. Therefore, β-Ga 2 O 3 has attracted much attention for use in future generations of optoelectronic devices operating at shorter wavelengths. Recently, β-Ga 2 O 3 crystal has been studied in the form of bulk, thin films and nanoscale materials. In spite of many reports dealing with the synthesis of β-Ga 2 O 3 over the past few years, research regarding β-Ga 2 O 3 nanostructures is less common [5, 6] .
Realization of nanoscale functional devices depends on the ability to integrate semiconductor nanostructures into nanoscale building blocks [7] [8] [9] . In order to satisfy these requirements, branched or connected semiconductor nanostructures should be synthesized.
In addition, the growth mechanism of the synthesized nanostructure should be clarified in order to achieve control of the process. In this work we report β-Ga 2 O 3 nanowire-nanocrystal homojunction structures with uniform size and distribution, which were synthesized at atmospheric pressure by applying the vapor phase epitaxy (VPE) method to graphite/hydrogen reduction. We successfully synthesized β-Ga 2 O 3 nanowirenanocrystal homojunction structures; these consist of a unit of a nanostructure and a single crystal with a perfect lattice. The Ga 2 O 3 nanocrystal is grown with a perpendicular orientation about the direction of the main Ga 2 O 3 nanowires as a homojunctional structure. In addition, the mechanism of formation of the homojunction between the β-Ga 2 O 3 nanowires and nanocrystals was investigated.
Experiments
Ni thin films with a thickness of 1 nm to act as a catalyst for nanostructure growth were prepared on c-Al 2 O 3 substrates by a radio-frequency magnetron sputtering process. They were pretreated with ammonia gas in order to form nanosize catalyst on the substrates. The starting materials were mixed at molar ratios of Ga 2 O 3 :C = 1:25 using Ga 2 O 3 (99.999% purity) and graphite powder (99.999% purity). The Ga 2 O 3 nanowires were synthesized using the VPE method. The β-Ga 2 O 3 nanowire synthesis experiments were performed for 60 min at 850-950
• C. High-purity Ar (99.999%) gas was used as the carrier gas with a flow rate of 800-1000 sccm. The experiment was conducted at an atmospheric pressure of 760 Torr. After the main growth, the β-Ga 2 O 3 nanowire samples were cooled naturally to room temperature (RT) and analyzed by x-ray diffraction (XRD) using a Bruker D8 Discover system with Cu Kα radiation. The shape and morphology of the β-Ga 2 O 3 nanowires were observed using field-emission scanning electron microscopy (FESEM) and high-resolution transmission electron microscopy (HRTEM). The structure of the nanowires was investigated by selected area electron diffraction (SAED) and analyzed by fast Fourier transform (FFT). The chemical composition was investigated using energy-dispersive x-ray spectroscopy (EDX) and the optical properties were investigated by cathodoluminescence (CL) measurements.
Results and discussion
Figures 1(a) and (b) show the low-and high-magnification FESEM images of the β-Ga 2 O 3 nanowires formed by evaporating the Ga 2 O 3 and graphite powder mixture at 950
• C for 60 min. The distribution of the β-Ga 2 O 3 nanowires is nearly uniform and straight over the Al 2 O 3 substrates. As shown in figure 1(b) , the β-Ga 2 O 3 nanowires have diameters ranging from 70 to 90 nm, and the image clearly indicates the typical morphology of the β-Ga 2 O 3 nanowires with a high yield.
Figure 2(a) shows the XRD pattern for the structural characterization of the synthesized β-Ga 2 O 3 nanowires. All of the diffraction lines were indexed and identified by x-ray powder diffraction as the monoclinic type, while no other phase was found. Because high-resolution XRD was used, the Cu Kβ peak of the Al 2 O 3 substrate was observed, whose intensity ratio to the Cu Kα peak was 20%. The XRD analysis shows that the β-Ga 2 O 3 nanowires are well-crystallized. Figure 1(b) shows a RT CL spectrum of the β-Ga 2 O 3 nanowires. The inset shows a CL image of a single β-Ga 2 O 3 nanowire. As shown in figure 2(b) , the β-Ga 2 O 3 nanowires have two peaks centered at about 1.7 and 3.4 eV, which are typical characteristics of β-Ga 2 O 3 [10] [11] [12] [13] . The strong emission band located at about 3.4 eV might be attributed to the recombination of the selftrapped exciton according to previous reports [10, 11] . In addition, we suggest that the red emission might originate from structural defects such as oxygen and gallium vacancies acting as donor and acceptor, respectively [12, 13] . More concrete investigation on optical properties of our β-Ga 2 O 3 nanowires will be reported elsewhere.
Further structural and elemental analyses of the β-Ga 2 O 3 nanowires were performed using TEM. Figures 3(a) and (b) show the low-magnification TEM images of the β-Ga 2 O 3 nanowires. Figure 3(a) shows that the morphology of the side edge part is not smooth. As shown in figures 3(a) and (b), the synthesized β-Ga 2 O 3 nanowires do not have a general shape but are connected to nanocrystals. There is an overall uniform shape to the homojunctional β-Ga 2 O 3 nanowires and nanocrystals. As shown in figure 3(b) , the size of the nanocrystals connected to the nanowires is below 5 nm. Figure 3(c) shows the EDX analysis of the β-Ga 2 O 3 nanowires. The EDX spectrum shows that they consist of just the elements In order to understand the growth mechanism of the nanowires and nanocrystals, we analyzed the SAED pattern using FFT. Figure 4 In addition, it should be noted that the growth of β-Ga 2 O 3 nanocrystals follows the growth direction of the main β-Ga 2 O 3 nanowires. This phenomenon is different from the general growth behavior of branched nanostructures with different growth directions [14] [15] [16] . Figure 5 shows the HRTEM and SAED images of the β-Ga 2 O 3 nanowires. The distance between neighboring atoms is 0.522 nm, which is quite similar to the theoretical value for bulk β-Ga 2 O 3 [16] . The lattice is quite perfect and its orientation is clear and uniform. The HRTEM image of figure 5 reveals the regular periodicity of the lattice points in the synthesized β-Ga 2 O 3 nanowires and no dislocation lines are seen in this image. This result indicates that our homojunctional β-Ga 2 O 3 nanowires and nanocrystals are structurally uniform and single crystalline. The SAED pattern of the β-Ga 2 O 3 nanowires is shown in the inset of figure 5 , which demonstrates that they are perfectly single crystalline. The clear and regular spots indicate that the synthesized β-Ga 2 O 3 nanowires are of high quality. Figure 4 shows that the crystallographic orientation of the β-Ga 2 O 3 nanocrystals is exactly the same as that of the main β-Ga 2 O 3 nanowires.
We analyzed the synthesis behavior of the homojunction of the β-Ga 2 O 3 nanowires and nanocrystals. Generally, nanocrystals are easy to nucleate at surface defects on the main Ga 2 O 3 nanowires because surface defects have a low Gibbs free energy. However, as shown in figure 5 , the interface between the main β-Ga 2 O 3 nanowires and the nanocrystals has no defects. In addition, the nanocrystals have the same crystal structure and growth direction as the main nanowires, as mentioned above. Therefore, we suggest that growth via the vapor-liquid-solid (VLS) [17, 18] and vapor-solid (VS) mechanisms [18] [19] [20] occurs simultaneously. First the β-Ga 2 O 3 nanowires are synthesized on the Al 2 O 3 substrates via the VLS model. At the same time, the evaporated Ga reacts with oxygen in the chamber due to the high temperature. The reacted β-Ga 2 O 3 droplets adhere to the surface of the β-Ga 2 O 3 nanowires and then the β-Ga 2 O 3 nanocrystals align themselves in the direction of the β-Ga 2 O 3 nanowires. This fact indicates that the number of homojunctions between the nanowires and nanocrystals strongly depends on the concentration of the β-Ga 2 O 3 droplets. At positions nearer to the source, a higher concentration of the β-Ga 2 O 3 droplets leads to the formation of nanowirenanocrystal homojunctions, due to the higher probability of adhesion. Based on the results of this experiment, we believe that our nanowire-nanocrystal homojunction could be very promising for realization of large-area nanoscale building blocks by self-assembly.
Conclusion
In summary, we synthesized high-quality β-Ga 2 O 3 nanowirenanocrystal homojunctions using the VPE method in the temperature range of 850-950
• C at atmospheric pressure. It was found that the β-Ga 2 O 3 nanocrystals form a single unit with the nanowires and are part of the same single crystal. Growth of β-Ga 2 O 3 nanocrystals follows the growth direction of the main β-Ga 2 O 3 nanowires. The HRTEM image and SAED pattern indicate that the β-Ga 2 O 3 nanowire-nanocrystal homojunction is a single-crystalline structure with a perfect lattice. All of the experimental results confirm the good crystallinity of the synthesized β-Ga 2 O 3 homojunction. The formation of the homojunction structure is due to both the VLS and VS mechanism. The results obtained in this work can be applied to various device applications using self-assembled heterojunction structures.
